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Enhanced thermoelectric properties of Na
x
CoO2 whisker crystals
G. Peleckis, T. Motohashi, M. Karppinen, and H. Yamauchi∗
Materials and Structures Laboratory,
Tokyo Institute of Technology,
Yokohama 226-8503, Japan
(Dated: November 17, 2018)
Single-crystalline whiskers of thermoelectric cobalt oxide, NaxCoO2, have been grown by an un-
conventional method from potassium-containing compositions, and their transport properties, and
chemical compositions were determined. The growth mechanism was analyzed and interpreted by
means of thermogravimetric analysis. At 300 K, electrical resistivity ρ and thermoelectric power S
of the whisker are 102 µΩ cm and 83 µV/K, respectively. The power-factor, S2/ρ, thus is enhanced
up to ∼ 68 µW/K2 cm.
Thermoelectric materials that can convert heat flow
directly to electric flow/current and vice versa are con-
sidered to play a key role in “clean” energy utility of
the next generation [1]. However, requirements for high-
efficiency thermoelectric materials are not easily satis-
fied. The thermoelectric efficiency is evaluated by the
following figure-of-merit: Z = S2/ρκ, where S, ρ, and
κ denote thermoelectric power, electrical resistivity, and
thermal conductivity, respectively. Therefore, large S
values and small ρ and κ values are simultaneously re-
quired to realize high thermoelectric efficiency. For the
last few years thermoelectric oxides have been widely in-
vestigated owing to their high chemical stability at tem-
peratures higher than ∼800 K. The sodium-cobalt oxide,
NaxCoO2, is one of the most promising candidates among
the thermoelectric oxides. Terasaki et al. [2] found that
this compound (originally expressed as NaCo2O4) ex-
hibits simultaneously high thermoelectric power and low
resistivity (S ≈ 100 µV/K and ρ ≈ 200 µΩ cm at 300
K). However, due to its two-dimensional crystal struc-
ture, the compound has large electromagnetic anisotropy
[2], and thus polycrystalline samples always show higher
resistivity values (ρ ≈ 3 mΩ cm at 300 K [3]). For re-
ducing the resistivity and thereby enhancing the Z value
of NaxCoO2, it is indispensable to develop a method to
prepare textured or single-crystalline materials.
Whisker-type single crystals are of significant im-
portance due to the following reasons: (1) the one-
dimensional shape of whiskers should be favorable for
some synthetic textures, and (2) whiskers may be con-
venient for some tiny-dimensional applications such as
natural “thermoelectric wires” taking advantage of their
characteristic shape. It was shown that whiskers of
Bi2Sr2Co2Oy [4, 5] exhibit significantly enhanced ther-
moelectric properties as compared with polycrystalline
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samples. Moreover, whiskers are known to be high-
quality single crystals with low defect densities. There-
fore, precise investigations on the crystal structure and
physical properties of NaxCoO2 can be made using
whisker crystals. In this letter we report thermoelec-
tric properties of NaxCoO2 whiskers prepared using an
original growth technique.
It is known that NaxCoO2 forms plate-like crystals
when NaCl is used as a flux. To obtain NaxCoO2
whiskers we used potassium-containing compositions.
Dry powders of Na2CO3, K2CO3, and Co3O4 were mixed
with cation ratios, Na : K : Co = 0.525 : 0.225 : 1.00,
and calcined at 750◦C in air employing a “rapid heat-up”
technique [6] to avoid evaporation of the alkali metals.
The calcined powder was ground, pressed into pellets,
and fired at 900◦C for 12 h in air. During the firing,
partial melting apparently occurred, and whiskers were
found to form at the surface of the pellets (Fig. 1).
Figure 2 shows an x-ray powder diffraction pat-
tern (measured with CuKα1 radiation) for pulverized
whiskers. All the peaks in the pattern can be in-
dexed according to the γ-NaxCoO2 phase [7]. Crystal
structure analysis using a four-circle diffractometer and
synchrotron radiation revealed that the whiskers pos-
sess a hexagonal structure with space group, P63/mmc
(No. 194) [8], being in agreement with the neu-
tron diffraction data for a polycrystalline sample of
Na0.74CoO2 [9]. The grown whiskers are up to 1.6 mm in
length, 15 - 40 µm in width, and 1.5 - 4.0 µm in thickness:
the shape is strongly one-dimensional in noticeable con-
trast to plate-like crystals grown by a NaCl-flux method
[2, 10]. The growth direction of the whiskers was found
to be along the ab plane, while the smallest dimension is
along the c axis.
Electrical resistivity (ρ) and thermoelectric power (S)
of the whiskers were measured: ρ was measured using
a four-point-probe apparatus (Quantum Design; PPMS)
with a dc current of 5 mA along the growth (i.e. in-plane)
direction, and S using a steady-state technique with a
typical temperature gradient of 0.5 K/cm. Figure refr-
and-S(a) shows the dependence of ρ on temperature for
a NaxCoO2 whisker. The ρ value decreases with decreas-
ing temperature, exhibiting typical metallic behavior (i.e.
2dρ/dT > 0) in the whole temperature range. This is in
accordance with the results reported for single crystals in
previous works [2, 10]. An anomaly in resistivity is ob-
served at Tt ≈ 290 K, which is considered to be related
to a first-order transition [11], while such an anomaly
has not been observed for single-crystalline samples of
NaxCoO2 [2, 10]. The absolute value of resistivity for
the present whiskers is by a factor of two smaller than
that for single crystals of NaxCoO2 grown with the NaCl
flux method (cf. ρ ≈ 200 µΩ cm at 300 K) [2]. Fig-
ure 3(b) shows the dependence of S on temperature for
a NaxCoO2 whisker. Both the absolute value and the
dependence on temperature of S are in good agreement
with those previously reported for single-crystalline and
polycrystalline samples [2, 3]. The values of ρ and S at
300 K for the present whisker crystal are 102 µΩ cm and
83 µV/K, respectively. The power-factor (S2/ρ) is then
calculated at ∼ 68 µW/K2 cm, being as large as that for
a crystal grown by the NaCl-flux method [2] and by a fac-
tor of ∼ 30 larger than that for polycrystalline samples
[3].
In order to determine the chemical composition of
grown whiskers, we performed ICP-AES (Seiko Instru-
ments: SPS-1500VR) and SEM-EDS (Hitachi: S-4500)
analyses. In Table I, the actual cation composition of
the whiskers as determined by the two independent anal-
ysis methods is given together with those of the calcined
powder and the fired pellets. Neither the whiskers nor the
pellets contained potassium, whereas the actual compo-
sition of the calcined powder was nearly the same as the
nominal one. This result indicates that fast evaporation
of potassium occurs during firing (at ∼ 900◦C), which
is apparently essential for the growth of whiskers. The
chemical formula determined for the whisker (in terms of
cation composition) is Na0.5CoO2, being highly sodium
deficient and free from potassium.
To investigate the whisker formation mechanism, ther-
mogravimetric (TG) measurements were performed. A
powder mixture of raw materials of 4.295 mg was heated
with a rate of 3.2◦C/min in a thermobalance (Perkin
Elmer: Pyris 1) with an isothermal heating period of
12 h at 900◦C. The TG curve is shown in Fig. 4. Since
K2CO3 is highly hygroscopic, the first weight loss about
100◦C is attributed to the evaporation of water. The
second weight loss is seen starting about 500◦C. This is
most likely due to the decarbonation process, though the
total weight loss in this region (∼ 6.4 %) is a little too
large to be explained with decarbonation (5.8 %) only.
Therefore it is considered that a small amount of alkali
metal(s) evaporates as well. The two weight drops about
100◦C and 500◦C were also seen for the potassium-free
sample of Na0.55CoO2 [6]. After the large weight drop
due to decarbonation, a temperature window was found
to appear about the calcination temperature (650-830◦C)
where the TG curve is relatively flat. This should corre-
spond to the stability region of the NaxKyCoO2 phase.
In fact, x-ray diffraction measurements showed that the
powder product after calcination at 750◦C is of single
phase of hexagonal NaxKyCoO2 phase, whereas chemi-
cal analyses for the cation composition revealed essen-
tially no deviation from the nominal potassium content
(see Table I). Upon increasing the temperature up to
900◦C an additional weight loss is seen indicating that
the fast evaporation of potassium from the NaxKyCoO2
phase starts to occur in this temperature range. In the
inset of Fig. 4 the normalized weight is plotted against
time. During the isothermal heating period of 12 hours
at 900◦C the weight loss continues until potassium com-
pletely gets depleted from the sample: the evaporation
rate of potassium from NaxKyCoO2 was estimated at ≈
6.5 mol%/h. The TG result is in good agreement with
the ICP analysis data (Table I), according to which no
potassium was found to remain in both the pellets and
the whiskers. Taking into account the results of TG and
ICP-AES analyses, it is most likely that a large amount of
potassium evaporation induces partial melting at the sur-
face of the pellet, and the partially-melted surface plays
an essential role in the whisker growth.
In summary, we have developed an unconventional
method to grow whisker single crystals of NaxCoO2. Us-
ing potassium-containing compositions, whisker crystals
of NaxCoO2 are found to form after firing at 900
◦C.
At 300 K, ρ and S of the whiskers are 102 µΩ cm and
83 µV/K, respectively. Calculated power factor (S2/ρ)
at this temperature shows a record-high value of ∼ 68
µW/K2 cm for the sodium-cobalt-oxide system. From
ICP-AES and SEM-EDS analyses, it has been revealed
that the grown whiskers are highly sodium deficient (x
≈ 0.50) and free of potassium. Increasing sodium con-
tent up to 0.75 can probably lead to even higher ther-
moelectric power (S2/ρ) values, therefore preparation of
whiskers with higher sodium contents are on the way in
our laboratory.
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TABLE I: Chemical compositions of calcined powder, pellets
after firing at 900◦C, and grown whiskers as determined by
ICP-AES and SEM-EDS analyses. The given values are
normalized by cobalt content.
Sample Nominal ICP-AES SEM-EDS
Calcined powder Na 0.525 Na 0.540 —
K 0.225 K 0.240
Pellet Na 0.525 Na 0.547 Na 0.532
K 0.225 K <0.001 K <0.001
Whisker Na 0.525 Na 0.523 Na 0.487
K 0.225 K <0.001 K <0.001
4FIG. 1: Scanning electron micrograph of the grown NaxCoO2
whiskers.
FIG. 2: X-ray powder diffraction pattern for pulverized
whisker crystals of NaxCoO2.
FIG. 3: (a) Temperature dependence of resistivity (ρ) for a
NaxCoO2 whisker. An anomaly is seen at Tt ≈ 290 K. (b)
Temperature dependence of thermoelectric power (S) for a
NaxCoO2 whisker.
FIG. 4: Thermogravimetric curve of a raw material powder
mixture (with cation ratios, Na : K : Co = 0.525 : 0.225
: 1.00) upon heating in flowing O2 gas. (1 - Evaporation
of H2O; 2 - Decarbonation process; 3 - Fast K evaporation)
The inset represents the same thermogravimetric data with
respect to time.
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